Introduction
The understanding of the molecular basis of many pathologies, especially cancer, now demands rationally designed molecular interventions for therapeutic regimes. Over the last 15 years, the field of gene therapy has emerged as a potentially powerful therapeutic platform to serve this end.
The central dogma of gene therapy is employment of gene delivery as a therapeutic molecular intervention to selectively correct or eradicate defective tissues. Early gene therapy efforts, however, revealed that the clinical benefit of gene delivery modalities was irrevocably linked to specific localization of the therapeutic agent. For example, insufficient transduction of cancer cells and solid tumor masses may limit clinical efficacy of cancer gene therapy approaches. [1] [2] [3] [4] [5] Hence, a fundamental requirement for the achievement of cancer gene therapy is the employment of advanced molecular biology and disease-specific cellular physiology to design targetable gene delivery vectors.
Vectors based on human adenovirus (Ad) serotypes 2 and 5 continue to show increasing promise as gene therapy delivery vehicles, particularly in the context of cancer gene therapy, due to several key attributes: These replication-deficient Ad vectors display in vivo stability and superior gene transfer efficiency to numerous dividing and nondividing cell targets in vivo, and are rarely linked to any severe disease in humans. Further, production parameters for clinical grade Ad vectors are well established. In 2004, Ad vectors comprised one-fourth of all clinical trial gene therapy vectors (256 of 987), with almost two-thirds of gene therapy trials being for cancer (565 of 987). 6 Nonetheless, clinical trial results of nontargeted Ad vectors have clearly exposed the need to advance Ad vector technology. The relatively poor clinical performance of Ad vectors can be attributed, in large part, to their broad native tropism, emphasizing the need for the derivation of Ad agents that have the capacity for intrinsic, self-directed, specific localization to the disease-affected target tissue. The following is a discussion of Ad biology, barriers to Ad targeting and a review of the strategies applied toward increasing the targeting capacity of this delivery vector. Lastly, we propose unique future applications for Ad-based vectors that derive from recently established targeting and molecular imaging feasibilities reported herein.
Adenovirus structure
The family Adenoviridae contains, among others, 51 human Ad serotypes that are divided into six species (A-F) based on genome homology and organization, oncogenicity and hemagglutination properties. [7] [8] [9] The human Ad is a nonenveloped icosahedral particle that encapsulates up to a 36-kilobase double-stranded DNA genome. The Ad capsid is comprised of several minor and three major capsid proteins: hexon is the most abundant structural component and constitutes the bulk of the protein shell; five subunits of penton form the penton base platform at each of the 12 capsid vertices to which the 12 fiber homotrimers attach (Figure 1 ). At the distal tip of each linear fiber is a globular knob domain, which serves as the major viral attachment site for cellular receptors. Hexon appears to play only a structural role as a coating protein, while the penton base and the fiber are responsible for virion-cell interactions that constitute Ad tropism. Detailed structures of hexon, [10] [11] [12] penton base 13 and fiber 14, 15 have been determined by crystallography; the high-resolution structure of the entire virion has been determined by various methods. 16, 17 Adenovirus entry biology Entry of Ad into cells involves two distinct steps: attachment to a primary receptor molecule at the cell surface, followed by interaction with molecules responsible for virion internalization. Initial high-affinity binding of the virion occurs via direct binding of the fiber knob domain to its cognate primary cellular receptor, which is the 46 kDa coxsackie and adenovirus receptor (CAR) for most serotypes, including Ad2 and Ad5, which are widely used in gene therapy approaches. 18, 19 Other receptors have been described for Ad5, although the nature of their interaction(s) with the Ad5 virion is unclear and their roles appear limited. These receptors include heparin sulfate glycosaminoglycans, 20, 21 class I major histocompatability complex 22 and vascular cell adhesion molecule-1. 23 Following receptor binding, receptor-mediated endocytosis of the virion is effected by interaction of penton base Arg-Gly-Asp (RGD) motifs with cellular integrins, including avb3 and avb5, 24 avb1, 25 a 3 b1 and a 5 b1. 26 Virus enters the cell in clathrin-coated vesicles 27 and is transported to endosomes. Subsequent acidification of the endosome results in virion disassembly and release of the virus remains into the cytosol, then to the nucleus where viral replication takes place.
Transductional targeting of Ad
This mechanistic understanding of Ad cellular entry explains clinical findings by numerous groups that have demonstrated that cells expressing low levels of CAR are refractory to Ad infection and gene delivery. This CAR dependency results in a scenario wherein nontarget but high-CAR cells can be infected, whereas target tissues, if low in CAR, remain poorly infected. Of key relevance to cancer gene therapy, increased CAR expression appears to have a growth-inhibitory effect on some cancer cell lines, while loss of CAR expression correlates with tumor progression and advanced disease. In addition, CAR has been shown to play a role in cell adhesion, and its expression may be cell cycle dependent. 28, 29 In short, while Ad delivery is uniquely efficient in vivo, CAR biodistribution is incompatible with many gene therapy interventions. We therefore hypothesized that if CAR expression could be induced in target tissues, resultant increases in Ad-mediated infection and gene expression would result in therapeutic gain. Indeed, a number of chemical agents predicted to affect cell cycle or cell adhesion were identified that increased CAR levels and Ad gene expression in ovarian cancer cells in vitro and in vivo.
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Adenovirus vector biodistribution in vivo, however, is not determined solely by receptor biodistribution. 31 Intravenous administration of Ad results in accumulation in the liver, spleen, heart, lung and kidneys of mice, although these tissues may not necessarily be the highest in CAR expression. 32, 33 This is true with regard to the liver in particular, which sequesters the majority of systemically administered Ad particles via hepatic macrophage (Kupffer cell) uptake 34 and hepatocyte transduction, 35 leading to Ad-mediated inflammation and liver toxicity. [36] [37] [38] [39] Thus, the nature of Ad-host interactions dictating the fate of systemically applied Ad has come under considerable scrutiny.
Initial attempts to 'de-target' the liver were based on the supposition that CAR-and integrin-based interactions were required for liver transduction in vivo. Strategies to inhibit hepatocyte and/or liver Kupffer cell uptake by ablating CAR-or integrin-binding motifs in the Ad capsid have been largely unsuccessful, however, indicating that native Ad tropism determinants contribute little to vector hepatotropism in vivo. [40] [41] [42] [43] [44] These data notwithstanding, work by several groups has implicated the fiber protein as a major structural determinant of liver tropism in vivo (reviewed by Nicklin et al.
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). For example, shortening of the native fiber shaft domain of the Ad5 fiber 46 or replacement of the Ad5 shaft with the short Ad3 shaft domain 47 was shown to attenuate liver These efforts serve to highlight the complexity of vector/host interplay, and have identified important genetic modifications that have important practical implications for designing safer and more effective Adbased vectors for clinical applications. In the absence of a clinically defined upper limit for ectopic liver transduction in humans, it is clear that the concepts of 'de-targeting' and 're-targeting' must be simultaneously employed to allow for maximum vector efficacy at the lowest possible dose. Therefore, engineering of targeted delivery with Ad requires the elimination of native tropism to be replaced by an alternative tropism based on targeting other receptor molecules, all while retaining innate Ad gene transfer efficiency. Two distinct approaches have been employed to transductionally target Ad-based therapeutic vectors: (1) adapter molecule-based targeting and (2) targeting achieved via structural manipulation of the Ad capsid via genetic means.
Adapter-based Ad targeting
The formation of a 'molecular bridge' between the Ad vector and a cell surface receptor constitutes the adapterbased concept of Ad targeting (Figure 2 ). Adapter function is performed by so-called 'bi-specific' molecules that crosslink the Ad vector to alternative cell surface receptors, bypassing the native CAR-based tropism. This approach is predicated by the aforementioned two-step entry mechanism of the Ad virion, wherein attachment is distinct from its ability to internalize into the targeted cell. In this way, alternative means of cellular attachment do not impede Ad cell entry. The majority of current adapter-based Ad targeting approaches incorporate the two mandates of delivery targeting, that of ablation of native CAR-dependent Ad tropism and formation of a novel tropism to previously identified cellular receptors. Bispecific adapter molecules include, but are not limited to: bi-specific antibodies, chemical conjugates between antibody fragments (Fab) and cell-selective ligands such as folate, Fab-antibody conjugates using antibodies against target cell receptors, Fab-peptide ligand conjugates and recombinant fusion proteins that incorporate Fabs and peptide ligands (Figure 3a) .
The first in vitro demonstration of Ad targeting via the adapter method resulted in CAR-independent, folate receptor-mediated cellular uptake of the virion by cancer cells overexpressing this receptor. 50 This was accomplished using a bispecific conjugate consisting of an antiknob neutralizing Fab chemically linked to folate. A similar targeting adapter comprised of the same anti-knob Fab as above fused to a basic fibroblast growth factor (FGF2) was utilized to target Ad vectors to FGF receptor-positive Kaposi's sarcoma (KS) cells in vitro. 51 Importantly, this targeting system also reduced hepatic toxicity and resulted in increased survival in a melanoma xenograft mouse model. 52 Other Fab-ligand conjugates targeted against Ep-CAM, Tag-72, epidermal growth factor (EGF) receptor, CD-40 and other cell markers have been employed in a similar manner with promising results.
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Dmitriev et al. 60 developed an elegant alternative to the chemical conjugate approach by creating a single recombinant fusion molecule formed by a truncated, soluble form of CAR (sCAR) fused to either an anti-CD40 antibody 59 or epidermal growth factor (EGF). Using the latter, a nine-fold increase in reporter gene expression was achieved in several EGFR-overexpressing cancer cell lines compared to untargeted Ad or EGFR-negative cells in vitro. EGF-directed targeting to EGFR-positive cells was shown to be dependent on cell surface EGFR density, an additional confirmation of Ad targeting specificity. Addressed also was the issue of virion/adapter complex stability, a critical issue if targeting adapters are to be employed in vivo. In this regard, preformed Ad/sCAR-EGF complexes subjected to gel filtration purification showed the same targeting profile as those not purified, Figure 2 The Ad infection pathway. Shown are the basic steps of initial high-affinity binding of the virion fiber to its primary cellular receptor, CAR (left). Alternatively, a generalized adapter molecule ablates native CAR-based tropism and targets Ad to an alternate cellular receptor molecule (right). The dual specificity of the adapter molecule for both the Ad and the alternative receptor provides novel, CAR-independent cell binding.
indicating adequate Ad/adapter complex stability. To further increase Ad/sCAR-ligand complex stability, Kashentseva et al. 61 developed a trimeric sCAR-antic-erbB2 single-chain antibody adapter molecule. While untested as yet in vivo, the trimeric sCAR-c-erbB2 adapter displayed increased affinity for the Ad fiber knob, while augmenting gene transfer up to 17-fold in six c-erbB2-positive breast and ovarian cancer cell lines in vitro. In similar work, Itoh et al. 62 demonstrated improved efficiency of sCAR-based fusion molecule adapters. Kim et al. 63 showed that adapter trimerization yielded a 100-fold increase in infection of CAR-deficient human diploid fibroblasts compared to the monomeric sCAR adapter. Importantly, in vivo employment of a nontargeted trimeric sCAR adapter attenuated liver transduction in mice following intravenous administration, indicating the excellent in vivo stability of this Ad/trimeric adapter complex. These studies have supplied preliminary evidence of the systemic stability of adaptor-virus complexes, although it is likely that clinical trials will ultimately be needed to investigate this crucial aspect for individual agents.
The above proof-of-principle studies and others have rationalized the further testing of targeting adapters in vivo. In this regard, Reynolds et al. 56 employed a novel bispecific adapter composed of an anti-knob Fab chemically conjugated to a monoclonal antibody (9B9) raised against angiotensin-converting enzyme (ACE), a surface molecule expressed preferentially on pulmonary capillary endothelium and upregulated in various disease states of the lung. Following peripheral intravenous injection of the Ad/Fab-9B9 complex, reporter transgene expression and viral DNA in the lung were increased 20-fold over untargeted Ad. Importantly, reporter gene expression in the liver, a nontarget, high-CAR organ, was reduced by 83%. Further, in a unique adapter-based in vivo lung-targeting schema, Everts et al. used a bifunctional adapter molecule comprised of sCAR fused to a single-chain antibody (MFE-23) directed against carcinoembryonic antigen (CEA). Systemic administration of the Ad/sCAR-MFE-23 adapter complex increased gene expression in CEA-positive murine lung by 10-fold and reduced liver transduction, resulting in an improved lungto-liver ratio of gene expression compared with untargeted Ad.
Overall, adapter-based Ad targeting studies provide compelling evidence that Ad tropism modification can be achieved by targeting alternate cellular receptors and that this modality augments gene delivery to CAR-deficient target cells in vitro. Adapter-targeted vectors have also performed well in vivo, although data so far are limited. While single-component systems have been favored for employment in human gene therapy trials, rigorous analysis of the pharmaco-dynamics and -kinetics, and systemic stability of vector/adapter complexes could potentially provide the rationale for clinical translation.
Adenovirus targeting via genetic modification: fiber
Genetic manipulation of capsid proteins has yielded increasingly promising data in terms of Ad targeting. Redirection of Ad tropism via genetic capsid modification is conceptually elegant, but genetic targeting efforts must work within narrow structural constraints. The success of this approach depends upon modulation of the complex protein structure/function relationships that result in Ad tropism modification, without disrupting the innate molecular interactions required for proper biological function. Based on a clear understanding of Ad infection biology, development of genetically targeted vectors has rationally focused on the fiber, the primary capsid determinant of Ad tropism. In general, there have been three basic strategies for genetic tropism modification via structural modification of the Ad fiber: (1) so-called 'fiber pseudotyping'; (2) ligand incorporation into the fiber knob and (3) 'de-knobbing' of the fiber coupled with ligand addition (Figure 3b) .
As previously mentioned, many clinically relevant tissues are refractory to Ad5 infection, including several cancer cell types, due to negligible CAR levels. Adenovirus fiber pseudotyping, the genetic replacement of either the entire fiber or knob domain with its structural counterpart from another human Ad serotype that recognizes a Figure 3 (a) . Adenoviral particles can be re-targeted to TAAs, using bifunctional adapter molecules. Examples of such adapter molecules are chemical conjugates of a Fab fragment derived from an antiknob monoclonal antibody with a whole antibody directed against the target antigen (I), or naturally occurring ligands such as folate or basic fibroblast growth factor (II). The other class of adapter molecules consists of recombinant bispecific fusion proteins, examples of which include so-called diabodies, comprised of two single-chain antibodies (scFv), with one scFv recognizing the fiber knob and the other the TAA (III). Another example is the trimeric sCAR-fibritin-scFv, which uses the soluble ectodomain of the native Ad receptor CAR to bind to the Ad, thus ablating CAR recognition (IV). (b) Adenoviral particles can be re-targeted to TAAs using genetic targeting strategies in which the targeting ligands are incorporated into capsid proteins. The Ad5 knob protein can, for instance, be replaced with that of other serotypes (V), or it can be altered by incorporation of targeting ligands, such as RGD-containing peptide sequences or six histidine residues, at the C-terminus of the protein (VI). As an alternative to the C-terminus, peptide sequences can also be incorporated in the HI-loop of the Ad5 knob (VII). The entire fiber and knob domain can be replaced by an artificial fiber, for instance, consisting of the bacteriophage T4 fibritin trimerization domain and a targeting motif (VIII). Finally, multiple genetic modifications can be combined in a single particle, forming a so-called 'complex mosaic Ad'. An example is a particle containing Ad3 knob instead of Ad5 knob, in which a six-histidine targeting motif is incorporated at the C-terminus (IX). cellular receptor other than CAR, was first accomplished by Krasnykh et al. 64 These vectors display CARindependent tropism by virtue of the natural diversity in receptor recognition found in human subgroup B and D fibers. 65 82 and others. 83, 84 Interestingly, this strategy has been extended to exploit fiber elements from non-human Ads 85, 86 and the fiber-like s1 reovirus attachment protein, which targets cells expressing junctional adhesion molecule. 87, 88 Direct ligand incorporation into the Ad knob domain without ablating native CAR-binding has resulted in Ad vectors with expanded, rather than restricted, cell recognition. These efforts are based on rigorous structural analysis of the knob domain and have exploited two separate locations within the knob that tolerate genetic manipulation without loss of fiber function, the Cterminus and the HI-loop. Since the C-terminus of the Ad knob is solvent exposed, extension of the knob peptide to include a targeting peptide moiety is conceptually simple. Ads with C-terminal integrin-binding RGD motifs and poly-lysine ligands have yielded some promising results in vitro and in vivo, but other peptide ligands were rendered ineffective in the C-terminus structural context, 89 presumably due to steric or other inhibition. Krasnykh et al. 90 inserted a FLAG peptide sequence into an exposed loop structure that connects b-sheets H and I (HI-loop) within the Ad5 knob, showing that this locale is structurally permissive to modification. Indeed, the Ad5 HI-loop tolerates peptide insertions up to 100 amino acids with minimal negative effects on virion integrity, thus suggesting considerable potential for ligand incorporation at this site. 91 Dmitriev et al. 4 introduced an integrinbinding RGD peptide sequence into the HI-loop. The resulting vector, Ad5lucRGD, used the RGD/cellular integrin interaction to enhance gene delivery to ovarian cancer cell lines and primary tumors versus unmodified Ad. 92, 93 The expanded tropism of this vector has been useful in several other cancer contexts including carcinomas of the ovary, pancreas, colon cancer, and head and neck carcinomas, all of which frequently display highly variable CAR levels. 94 Wu et al. 95 demonstrated that Ad vectors with a double fiber modification consisting of a C-terminal poly-lysine stretch, which interacts with heparan sulfates, and the HI-loop RGD provided increased infectivity in several CAR-deficient cell lines, as well as human pancreatic islet cells, 96 ovarian carcinoma 97 and cervical cancer cells in vivo. 98 Other targeting peptides have functioned in the HI-loop locale, including a vascular endothelial cell-binding motif SI-GYLPLP. 99 This fiber modification also provided cancer cell selective infection. 100 Korokhov et al., 101 Volpers et al. 102 and others 103 have developed similar targeting approaches that embody elements of both genetic fiber modification and adapterbased targeting by incorporating the immunoglobulin (Ig)-binding domain of Staphylococcus aureus protein A into the fiber C-terminus or HI-loop. As a result, these fiber-modified vectors form stable complexes with a wide variety of targeting molecules containing the Fc region of Ig. This provides the opportunity to screen numerous targeting molecules directed against a host of cell-surface elements. This approach was used to target and activate dendritic cells via an Fc-single-chain antibody directed against CD40. 104 This system was also used to target ovarian cancer cells via an antibody directed against mesothelin, 105 as well as the pulmonary endothelium in a rat model in vitro.
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The structural conflicts emerging from knob modifications and the observation that fiber-deleted Ad vectors could be produced 107, 108 provided the conceptual basis for replacing the native fiber with knobless fibers. Virions containing a knobless fiber would be ablated for CAR binding, a hallmark of targeted Ad vectors. Simultaneous addition of a targeting ligand to the knobless fiber would result in a more specifically targeted Ad. The technical barrier to this approach is the innate trimerization function of the knob, required for proper fiber function and capsid incorporation. To overcome this structural conflict, addition of foreign trimerization motifs have been used to replace the native fiber and/or knob. 109 Krasnykh et al. 110 replaced the fiber and knob domains with bacteriophage T4 fibritin containing a C-terminal 6-His motif. This novel Ad variant lacks the ability to interact with CAR and demonstrated up to a 100-fold increase in reporter gene expression to cells presenting an artificial 6-His-binding receptor. A similar 'de-knobbing' strategy was employed by Magnussen et al., 111 wherein an integrin-binding RGD motif was utilized, resulting in selective infection of integrin-expressing cell lines in vitro, as well as human glandular cells. 112 Based on the feasibility of fiber replacement with T4 fibritin, an elegant system was devised wherein the trimeric CD40 ligand was fused to the C-terminus of this artificial fiber. 113 Notably, this vector provided CD40-specific gene delivery in vivo following systemic delivery. 114 Further, this vector accomplished CD40-mediated infection of human monocyte-derived dendritic cells, suggesting a possible utility for cancer immunotherapy 'antigen-loading' approaches. In addition, Ad vectors simultaneously incorporating multiple fiber types with distinct receptor specificities have been proposed. 115, 116 Given the target specificity demonstrated by antibodymediated targeting of Ad vectors using adapter molecules, the development of single-component Ad vectors with genetically incorporated antibodies, antibody-derived moieties or other multi-domain ligands has been a longstanding field milestone. Genetic capsid incorporation of any moiety requires that the heterologous peptide be compatible with the nonreducing environment within the cytosol and nucleus, wherein Ad capsid proteins are translated and assembled. Indeed, capsid incorporation of several classes of complex-targeting ligands, including scFv and growth factors, has been severely hampered by the innate biosynthetic incompatibilities between the ligand and Ad capsid proteins, resulting in unstable or insoluble ligands and/or reduced Ad replication. 117 On this basis, rational development of complex ligands with cytoplasmic solubility and stability will be required for their application to Ad vectors. Exemplifying this concept, Hedley et al. 118 have developed a singlecomponent antibody-targeted Ad vector by incorporating a novel, cytoplasmically stable scFv into a de-knobbed fiber. This vector demonstrated selective targeting to its cognate epitope expressed on the membrane surface of cells, and suggests that cytoplasmic stability of the targeting molecule, per se, allows retention of antigen recognition in the Ad capsid-incorporated context.
Adenovirus targeting via genetic modification: other capsid locales
The field-wide appreciation of the difficulty of incorporating complex ligands into the Ad fiber locale has prompted the identification of other capsid proteins amenable to ligand incorporation via genetic manipulation. These approaches have the potential, through increased capsid valency and unique capsid microenvironments, to incorporate an increased number of complex ligands per virion. To date, capsid protein hexon as well as minor capsid proteins polypeptide IX (pIX) and pIIIa have been used as platforms for incorporation of heterologous peptides.
Hexon is the largest and most abundant capsid protein, and as such is an attractive locale for peptide ligand incorporation due to both its surface exposure and high valency (240 hexon homotrimers per virion). The primary sequence of the hexon monomer is highly conserved among human serotypes, with the exception of nine nonconserved hypervariable regions (HVRs) of unknown function found mainly within solvent-exposed loops at the surface. 11, 119, 120 In this regard, Vigne et al. 121 exploited hexon hypervariable region 5 (HVR5), a loop structure in hexon, as a site for incorporation of an integrin-binding RGD motif. Notably, virion stability was unaffected by the addition of the foreign peptide, while providing enhanced, fiber-independent transduction to low-CAR vascular smooth muscle cells. Extending this work, Wu et al. identified HVRs 2, 3 and 5-7 as hexon sites tolerating 6-histidine (6-His) motifs without adverse affects to virion formation or stability. 6-His motifs in HVRs 2 and 5 mediated virion binding to anti-6-His antibodies; however, 6-His-mediated viral infection of cells was not observed, in contrast to Vigne et al. above, highlighting the importance of the nature and the length of the incorporated peptides.
Recently, pIX has emerged as a versatile capsid locale well suited for display of ligands with utility for both targeting and imaging modalities. 122 The 14.3 kDa pIX is the smallest of the minor capsid proteins, a subset of capsid proteins that generally function to stabilize the capsid shell. In the mature Ad virion, 80 pIX homotrimers 123 stabilize hexon-hexon interactions during capsid assembly, and it is therefore termed a 'cement' protein. Indeed, virions deleted for pIX have decreased thermostability and a DNA capacity that is approximately 2 kb less than the normal length. [124] [125] [126] Interest in employing pIX as a capsid site for incorporation of peptide ligands stemmed from the observation that the C-terminus of pIX is located at the capsid surface, 127, 128 which prompted several groups to explore the fusion of several polypeptides to this terminus.
Dmitriev et al. 129 first reported the incorporation of functional targeting peptides at the pIX C-terminus by inserting poly-lysine or FLAG motifs, resulting in augmented, CAR-independent gene transfer via binding to cellular heparan sulfate moieties. In a similar approach, Vellinga et al. 130 fused an integrin-binding RGD peptide to pIX, and used a-helical spacers (up to 7.5 nm in length and 113 amino acids) to extend the RGD motif away from the virion surface. Increased gene transfer to CAR-deficient endothelioma cells was observed with increased spacer length, giving support to the notion that the pIX C-terminus may reside in a cavity formed by surrounding hexons. In order to evaluate the utility of multiple ligand types at the pIX capsid locale, Campos et al. 131 fused to the pIX-C-terminus a 71-amino-acid fragment of the Propionibacterium shermanii 1.3S transcarboxylase protein, which functions a biotin acceptor peptide (BAP). During virus propagation the BAP is metabolically biotinylated, rendering this virus compatible with a host of avidin-tagged ligands, including peptides, antibodies and carbohydrates. Importantly, it was noted in this study that coupling transferrin to virions via pIX-BAP resulted in specific transferrin receptormediated infection of C2C12 cells, but the use of an antibody directed against the transferrin receptor (CD71) did not. This dichotomy was not observed when these two ligands successfully redirected Ad tropism when incorporated into fiber. The authors speculate that the difference was not due to a lack of receptor recognition by the pIXanti-CD71 complex, but rather a difference between the dissociation of targeted fiber and pIX from the Ad particle in endosomes, resulting in trapping of the pIXanti-CD71 variant, but not the fiber-anti-CD71 in the endosome. If this notion is fully validated, it will represent a key finding showing that the nature of pIX-incorporated ligands may influence successful redirection of Ad infection.
Polypeptide IX has also been in use for the display of relatively large imaging molecules as C-terminal fusions. While Ad vector imaging is beyond the scope of this work, the successful incorporation of the 240-amino-acid enhanced green fluorescent protein (eGFP) into pIX bears mentioning due to the size and complexity of this fusion. Of note, the presence of the pIX-eGPF fusion in purified Ad virions did not appreciably decrease virus viability or capsid stability, and has allowed monitoring of Ad localization in vitro and in vivo. 132, 133 Further, other Ad vectors harboring complex ligands at the pIX locale have been reported. [134] [135] [136] As a whole, these studies have established pIX as a highly relevant capsid locale marked by the highest structural compatibility, with diverse targeting and imaging ligands observed to date.
Based on its surface capsid position, pIIIa has been proposed as a platform for ligand display for modification of Ad tropism. 137 High-resolution imaging techniques originally indicated that pIIIa is an elongated protein penetrating the capsid and is located along the icosahedral edges of the virion. 16 More recent structural studies performed at higher resolution place pIIIa only at the surface of the virion. 17 The minor capsid protein pIIIa is a 67-kDa monomer that is cleaved at the C-terminus during maturation of the virion, giving rise to the final 63.5 kDa form. To evaluate the utility of pIIIa for ligand display, Dmitriev et al. 138, 139 have incorporated a 6-His motif singly into the N-terminus of pIIIa. The modified pIIIa proteins were well tolerated in mature virions, although whether pIIIa ligands can redirect Ad tropism remains to be conclusively demonstrated.
In the aggregate, these results highlight that genetic manipulation of a variety of Ad capsid proteins is currently feasible, and has brought to fruition several novel targeting and imaging paradigms. These successes confirm a level of capsid flexibility that was largely unexpected. There remains, however, an ongoing struggle to identify true targeting ligands that are structurally and/ or biosynthetically compatible with Ad capsid formation and stability.
Identification of new tumor-associated antigens
Targeted gene delivery is ultimately predicated on the ability of the vector to discriminate between target cell or tissues types via interaction with unique cell-or disease-specific surface markers. On this basis, the discovery and characterization of novel cell-surface targets is of paramount importance. In the context of targeted gene delivery for cancer, considerable effort is being expended to identify new tumor-associated antigens (TAAs) for a variety of cancers, utilizing advanced technologies such as mRNA microarrays, proteomics and 'serological identification of antigens by recombinant expression cloning' (SEREX). The identification of more than 20 000 genes by the human genome project has provided a pool of possible new targets in cancer, and the screening for those has become significantly more facile in recent years due to commercialization and increased availability of mRNA microarray technology. Several new targets have been identified using this technology, such as the carcinoma-associated antigen GA733-2, and hepsin, a transmembrane serine protease found in prostate cancer. 140 Another example is the high expression of 'preferentially expressed antigen of melanoma' gene (PRAME), detected by microarray in ovarian cancer samples. 141 Compared to the number of genes present in the human genome, the number of possible protein targets is increased several-fold due to the intermediate steps between mRNA and protein expression, and the protein variability potentially introduced with each of these steps. These variabilities include mRNA splicing, post-translational processing, glycosylation, as well as others. The Human Proteome Organization (HUPO), formed in 2001, aims to systematically characterize protein expression in health and disease, and its Plasma Proteome Project is a prime example in which several laboratories throughout the world participate to identify tumor markers that can be used for both screening as well as therapeutic targets. 142 The mRNA and protein array technologies can also be combined in order to discover new biomarkers, such as demonstrated by Nishizuka et al., 143 who identified villin as a new marker for colon cancer using this combination.
Another method to identify new tumor targets is 'serological identification of antigens by recombinant expression cloning' (SEREX), which was first described by Sahin et al. 144 in 1995 and is based on the presence of TAA recognizing antibodies in the serum of cancer patients. In this approach, a cDNA library is constructed from tumor specimens and cloned into expression vectors. Clones are then screened for reactivity with the serum of the autologous patient, and the nucleotide sequence of the cDNA insert is determined. 144 In previous years, several antigens that can be classified into different groups have been identified, including cancer-testis antigens, differentiation antigens, overexpressed gene products, mutated gene products, splice variants and cancer-related autoantigens. Examples of antigens discovered using this technology are melanoma antigen gene-1 (MAGE-1) in melanoma and metastasis-associated protein-1 (MTA1) in prostate cancer. 145 
Identification of new ligands
In addition to the identification of new TAAs, new ligands that are able to target these antigens and are suitable for incorporation into adenoviral vectors need to be identified as well. One of such technologies is phage display, which was first pioneered by Smith 146 in 1985, that can identify high-affinity peptides for a target receptor of choice. As an example, Peletskaya et al.
147,148 screened a 15-mer library for peptides able to bind the Thomson-Friedenreich (TF) antigen, a glycoantigen present on several carcinomas, and identified peptides with an affinity around 1 mM. One of the most well-known examples of a peptide identified by phage display is the RGD amino-acid sequence, which has a high affinity for integrins that are expressed in tumor vasculature. This peptide, identified by the group of Ruoslathi 149 in 1993, has extensively been used in drug-or gene-targeting approaches, either a linear or cyclic format. For example, Schiffelers et al. 150 coupled this peptide to a liposome carrier, demonstrating selective localization of this drug-targeting construct in angiogenic vasculature in a dorsal skin chamber model, whereas genetic incorporation of RGD in both adenoviral and adeno-associated viral vectors has led to a dramatic infectivity enhancement of these vectors in a variety of cancer cells. 4, 151 Since some promising targeting ligands lose their receptor specificity upon incorporation into adenoviral capsid proteins, it would be useful to screen these ligands in their appropriate context in a high-throughput manner. Pereboev et al. 152 have elegantly approached this problem by modifying the pJuFo phage system in such a way that the (modified) Ad5 knob is expressed on the surface of filamentous bacteriophage, allowing screening of incorporated ligands with traditional phage display techniques. This system may prove very useful in screening for candidate ligand fidelity and Ad structural compatibility, prior to genetic Ad modification.
Future applications
Despite the advances in tumor-targeted gene therapy as described in this article, several obstacles remain. The vascular endothelial wall is a significant physical barrier prohibiting access of systemically administered vectors to the tumor cell. To overcome this obstacle, strategies are currently being endeavored to route adenoviral vectors via transcytosis pathways through the endothelium. As an example, Zhu et al. 153 redirected Ad vectors to the transcytosing transferrin receptor pathway, using the bifunctional adapter molecule. The transcytosed Ad virions retained the ability to infect cells, establishing the feasibility of this approach. However, efficiency of Ad trafficking via this pathway is poor, and current efforts are directed towards exploring other transcytosing pathways such as the melanotransferrin pathway, 154 the poly-Ig A receptor pathway, 155 or caveolae-mediated transcytosis pathways. 156 One can envision the development of mosaic Ad vectors incorporating both targeting ligands directed to such transcytosis pathways as well as ligands mediating subsequent targeting and infection of tumor cells present beyond the vascular wall.
The often-limited therapeutic effects achieved by gene or virotherapy approaches mandate the development of alternative 'amplifying strategies', in which delivery of a vector to a single cell will result in the destruction of its neighboring cells as well. In this regard, the development of so-called multifunctional particles (MFPs) that incorporate targeting, imaging and amplifying capacities is an exciting possible new area of investigation (Figure 4) . Adenovirus-based vectors are ideally positioned to represent such an MFP, by virtue of genetic capsid modifications, to incorporate functionalities as cited above. For example, incorporation of genetically modified fibers, combined with imaging motifs on the pIX protein, could be used to simultaneously target tumor cells while monitoring viral replication and spread. In this regard, in addition to optical imaging-based ligands that have been incorporated at pIX as mentioned above, recently Li et al. 136 have been successful in incorporating the enzyme Herpes Simplex Virus thymidine kinase (HSV-tk) at this capsid locale. This enzyme is compatible with available PET imaging ligands such as 18 F-penciclovir, providing an imaging system for viral replication that can directly be translated for clinical applications. Interestingly, HSV-tk is an enzyme that has utility in so-called suicide gene therapy, in which the expressed enzyme converts a substrate such as ganciclovir to its toxic phosphorylated metabolite, resulting in cell death. 157 Also, tumor cells expressing this gene product induce the death of adjacent cells via the so-called 'bystander effect', thus representing an 'amplifying strategy' as mentioned above. Incorporation of this enzyme on the capsid surface of a targeted Ad could be exploited in an amplifying strategy for the induction of cell death, in addition to its use for imaging.
The concept of MFPs has also been introduced recently in the context of nanotechnology, often defined as the development of devices of 100 nm or smaller, having unique properties due to their scale. Applications in medicine are starting to emerge, with 'nanomedicine' recently being defined as the utilization of nanotechnology for treatment, diagnosis, monitoring and control of biological systems. The devices that are being developed generally incorporate inorganic or biological material. In this regard, the coupling of inorganic nanoscale materials to targeted Ad vectors would expand MFP functions, Figure 4 Schematic diagram showing an idealized MFP based on an empty Ad capsid. Adenoviral vectors can theoretically be used as a platform for the development of MFPs incorporating targeting, imaging and therapeutic motifs. For example, targeting motifs can be incorporated into the fiber protein, whereas simultaneous incorporation of imaging motifs such as thymidine kinase on the pIX protein will provide the ability to monitor particle and thus tumor localization, utilizing noninvasive technologies such as PET. Incorporation of metal nanoparticles with magnetic properties into such a platform will provide additional imaging opportunities via MRI, as well as therapeutic opportunities via hyperthermia induction.
capitalizing on the new treatment strategies being developed using nanotechnology. For example, magnetic nanoparticles have recently received much attention due to their potential application in clinical cancer treatment, [158] [159] [160] [161] [162] targeted drug delivery [163] [164] [165] and MRI contrast agents. 166, 167 However, despite the useful functionalities that might derive from metal nanoparticle systems, the lack of targeting strategies has limited their application to locoregional disease. Thus, tumorselective delivery is key to improve therapeutic applications of metal nanoparticle systems, rationalizing incorporation of such particles into targeted, multifunctional Ad vectors via conjugation to capsid proteins or other means.
For the development of targeted MFPs, it would be beneficial to minimize the adenoviral vector to empty capsid shells, based on the consideration that the so-called first-generation Ad vectors (i.e. Ad5-or Ad2-based nonreplicating viruses lacking E1, and sometimes E3 regions) still express low levels of the remaining viral genes. This low level of viral gene expression leads to direct toxicity and immunogenicity. Consequently, duration of transgene expression is shortened as the immune response clears the vector-transduced cells. 168, 169 To overcome these problems, high-capacity Ad vectors have been developed. The only viral genomic elements retained in these vectors are the inverted terminal repeats (ITR) and packaging signal. This allows up to 36 kb of nonviral DNA to be inserted. Reduction in in vivo toxicity and immunogenicity are seen, [170] [171] [172] [173] and in mice long-term transgene expression for more than a year has been observed. 173 The deletion of all the viral genes requires helper viruses to trans-complement all viral genes, including those for capsid proteins. Well-defined and efficient systems have been developed to allow production of high-capacity adenoviral vectors without contamination of helper virus, based on recombinase-mediated excision of the helper-virus packaging signal. [174] [175] [176] It is logical that the capsid proteins expressed by the helper virus would be genetically modified, allowing re-targeting of the resultant high-capacity adenoviral vector. This concept was recently demonstrated by using the RGD motif in the HI-loop of the fiber knob, 177 and this demonstration of combining re-targeting with highcapacity Ad illustrates the potential for utilization of gutless Ad as a nanoscale platform.
To extend the paradigm of limiting foreign gene expression, high-capacity adenoviral vectors have been further developed into empty Ad capsid shells. 178, 179 The production of empty capsids has been based on a modification of the systems utilized in the construction of high-capacity Ad vectors, utilizing a Cre/lox recombination event. It has been demonstrated that, compared to recombinant Ad vectors, empty Ad capsid shells induce a significantly reduced number of genes after cellular interaction. 179 This suggests that these empty capsid shells could serve as an improved platform for the development of MFP systems, which would incorporate targeting, imaging and therapeutic elements, with minimal adverse effects after in vivo administration.
Summary
Adenovirus-based vectors are the most widely used platform for gene delivery. They are of particular utility for cancer gene therapy applications, where temporary gene expression is acceptable or even beneficial. The history of Ad-based gene therapy studies clearly illustrates and confirms the critical linkage between an improved delivery vector and increases in therapeutic potential. Very often, clinical breakthroughs have been dependent on advances in vector development. With regard to Admediated cancer treatment, high-level tumor transduction remains a key developmental hurdle. To this end, Ad vectors possessing infectivity enhancement and targeting capabilities should be evaluated in the most stringent model systems possible. Advanced Ad-based vectors with imaging, targeting and therapeutic capabilities have yet to be fully realized; however, the feasibilities leading to this accomplishment are within close reach.
